Three types of mafic granulites, namely two pyroxene-plagioclase granutite (MG), two pyroxeneplagioclase-garnet granulite (GMG) and spinel-olivine-plagioclase-two pyroxene granulite (SMG) are exposed at Sunkarimetta, Eastern Ghats belt, India. The marie granulites exhibit a foliation concordant with that in associated granulite facies quartzofeldspathic gneisses. Textural characteristics and mineral chemical data suggest the following mineral reactions: olivine + plagioclase = spinel + orthopyroxene + clinopyroxene (SMG), orthopyroxene + plagioclase = garnet + quartz (GMG), clinopyroxene + plagioclase = garnet + quartz (GMG) and plagioclase + hemoilmenite + quartz = garnet + ilmenite + 02 (GMG). Geothermobarometry indicates maximum P-T conditions of metamorphism at c. 8.5 kbar, 950 ~ The marie granulites later suffered nearly isobaric cooling to c. 7.5 kbar, 750~ Bulk compositional characteristics suggest that SMG is of cumulate origin. The protoliths of the mafic granulites, emplaced at c. 32 km depth, are probably responsible for thermal perturbation causing granulite facies metamorphism of the enclosing rocks.
Introduction
THE Eastern Ghats granulite belt, occurring along the eastern coast of India, records an anticlockwise P-T trajectory of evolution, comprising a prograde path of high T/P, followed sequentially by nearly isobaric cooling and nearly isothermal decompression (Kamineni and Rao, 1988; Sengupta et al., 1990) . It has been argued that granulite production on an anticlockwise path is a consequence of magmatic accretion at the base and/or within the crust (Bohlen, 1987; Harley, 1989) . Marie granulites, occurring abundantly as conformable lenses in paragneisses in the Eastern Ghats, record maximum P-T condition of metamorphism of 8.5 kbar, 950 ~ (Sengupta et al., 1990; Dasgupta et al., 1991) . In a previous paper (Dasgupta et al., 1991) , we have reasoned that the marie granulites represent intraplate magmatism and could be the potential energy source for the granulite facies metamorphism in the Eastern Ghats. In this paper, we provide mineral chemical data and rection textures of three different types of magmatic rocks from the * Present address: Department of Earth and Planetary Sciences, Kyushu University Fukuoka 812, Japan.
Eastern Ghats granulite belt which bear the imprints of cooling from abnormally high temperature.
Geologic setting
The Eastern Ghats granulite belt is characterised by the presence of several varieties of paragneisses (khondalite or garnet-quartz-perthite-sillimanite gneiss, calc granulites and sapphirine-spinel granulites), orthogneisscs (plagioclase-clinopyroxene-orthopyroxene-garnet gneiss), alkaline rocks, anorthosites and orthopyroxene-bearing quartzofeldspathic gneisses (Naqvi and Rogers, 1987) . Isotopic age determinations indicate at least two major phases of granutite metamorphism at c. 2600 Ma (Perraju etal., 1979) and c. 1000-900 Ma (Grew and Manton, 1986; Aftalion etal., 1988; Paul et al., 1990) . Basic magmatism in the Eastern Ghats has been dated at 2800-2600 Ma (Paul et al., 1990) . Deformational signatures in the marie granulites indicate that these were emplaced syntectonically with the earlier phase of metamorphism (Dasgupta et al., 1991) .
The present study area is around Sunkarimetta, which is halfway between Araku and Anantagiri (see Fig. 1 in Dasgupta et al., 1991) . The area is characterised by linear patches of orthopyroxene granulite (orthopyroxene-plagioclase-garnetperthite~luartz), khondalite and quartzite. Conformable lenses of marie granulites are present throughout the area and are mostly hosted in orthopyroxene granulite. Based on the presence and absence of garnet, the marie granulites can be divided into a garnetiferous (GMG) and a nongarnetiferous (MG) type. Field relationships between Mg and GMG is not clear, although it is evident that GMG has a distinct domainal occurfence within MG. Within the MG domains several irregular blocks (maximum dimension 8 • 5 m) of an unusual marie rock containing spinelplagioclase-olivine-pyroxene occur (SMG). All the types of marie granulites show a weak foliation marked by parallel arrangement of prismatic pyroxenes and/or ilmenite. The foliation is conformable with the regional gneissic foliation in the associated rocks.
Petrography
SMG is characterised by the mineral assemblage spinel + plagioclase + clinopyroxene + orthopyroxene + olivine _+ mica _+ amphibole. The pyroxenes occur in two modes. Coarse subhedral grains of ortho-and clinopyroxene show interlocking texture. Orthopyroxene contains (100) lamellae and blebs of clinopyroxene and vice-versa. In the other mode, clino-and orthopyroxene contain vermicular intergrowths of green spinel (Fig. 1) . In addition spinel locally 
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forms coarser tabular grains, adjacent to the pyroxenes (Fig. 1) . Olivine occurs as rare subrounded grains enclosed in the spinel-pyroxene intergrowths and grains are never in contact with plagioclase ( Fig. 1) . Plagioclase forms coarse xenomorphic grains in the rock. Both amphibole and biotite occur as patchy grains replacing the pyroxenes.
In both MG and GMG, ortho-and clinopyroxerie occur as coarse subhedral grains, (100) lamellae and orthopyroxene in clinopyroxene and vice-versa are common features. In MG, plagioclase, pyroxene and ilmenite show mutual grain contact. In GMG on the other hand, plagioclase is separated from the pyroxenes as well as from ilmenite by thin rims of coronal garnet (with or without quartz) and garnet-ilmenite corona respectively (Figs. 2, 3 ). Tabular ilmenite grains in GMG separated from plagioclase by garnet corona are compositionally hemoilmenite (see later) and are distinct from nearly pure ilmenite involved in intergrowth with garnet. Other phases in MG and GMG are K-feldspar, biotite and apatite. Biotite is a late phase in the rocks, replacing garnet, pyroxenes and K-feldspar.
Chemical characteristics
Three representative bulk chemical compositions of Mg, GMG and SMG, determined by XRF, along with the modal and normative compositions, are given in Table 1 . SMG is chemically an olivine gabbro and is distinctly more magnesian and aluminous (reflected in the normative corundum content) than both MG and GMG. MG is again enriched in Mg compared with GMG. All the varieties have, however, hypersthene and olivine in the norm (Table 1) .
The composition of the coexisting phases in these rocks were determined by J E O L -J X A 733 and 8600 EPMA, and representative data are given in Tables 2 4 . In SMG, spinel is essentially hercynite-spinel solid solution with XMg [= Mg/ (Mg + FEZ+)] close to 0.5 (Table 2) . Recalculated Fe203 content in spinel varies between 2.69 and 3.38 wt.%. Olivine is FO66 Fa34 and the composition of plagioclase is close to An70 (Table 2) . Both types of pyroxene are more aluminous than those in MG and GMG; A1203 wt.% in orthopyroxene varies within the range 2.91-3.35 and in clinopyroxene 4.05-3.03. Lower range values are recorded when these are intergrown with spinel. Orthopyroxenes are enstatitic (XMg = 0.71), while clinopyroxenes are essentially diopsidehedenbergite solid solutions with XMg = 0.8 (Table 2) .
Orthopyroxenes in MG have higher XMg (0.58- (Table 3) . However, these are more magnesian (XMg = 0.71-0.74) in M G as compared to in G M G (XMg = 0.56--0.53). Compositions of coexisting clinoand orthopyroxenes, when plotted in the pyroxene quadrilateral (Fig. 4) , clearly show that XMg increases in the order G M G -M G -S M G .
Coarse subhedral ilmenite defining the weak foliation in M G and G M G are hemoilmenite with 3-4 wt.% Fe203 (calculated after Bohten and Essene, 1977) (Table 4) . On the other hand, ilmenite intergrown with coronal garnet in G M G is nearly pure FeTiO3 (Table 4) . Plagioclase in G M G shows sharp zoning, with higher albite towards the rim (XAb in the core is 0.29 and in the rim adjacent to coronal garnet is 0.47; Table 4 (Table 4) .
Mineral reactions
In S M G relatively aluminous r contain (100)exsolution lamellae of orthopyrox- ene. Similarly, aluminous orthopyroxene contains lamellae of clinopyroxene. Reintegration of the pyroxene compositions following the method of Sandiford and Powell (1986) show that prior to exsolution, subcalcic augite and pigeonite were present in the rock. Textural features indicate that these, together with olivine and plagioclase, constitute the primary assemblage in the SMG. Textural relations (Fig. 1 ) and the compositional plots in the CA (FM) system ( Reintegration of pyroxene compositions in MG and GMG also show that subcalcic augite and pigeonite existed prior to exsolution. It is evident from the textural relations that these, together with hemoilmenite and plagioclase, constituted the primary assemblage in both these rocks. Coronal garnet subsequently appeared in ironrich GMG through several reactions. Development of coronal garnet-quartz symplectite around ortho-and clinopyroxene and plagioclase can be attributed to the reactions, Orthopyroxene + plagioclase = garnet + quartz, (2) Clinopyroxene + plagioclase = garnet + quartz.
(3)
On the other hand, formation of garnet-ilmenite symplectite around plagioclase and hemoilmenite is due to the deoxidation equilibria, Plagioclase + hemoilmenite + quartz = garnet + ilmenite + O2 (4) Compositional homogeniety of garnets rimming orthopyroxene, clinopyroxene, plagioclase and ilmenite suggests that the reactions (2), (3) and (4) occurred simultaneously. All the rocks suffered late hydration which resulted in the appearance of amphibole and biotite. It may be recalled here that late hydration and K-metasomatism are the features common to other Eastern Ghats rocks (Sengupta et al., 1990; Dasgupta et al., 1991) .
Geothermobarometry
Compositions of coexisting primary ortho-and clinopyroxenes in the SMG give a temperature of 940 ~ following Kretz (1982) , while the pyroxene intergrown with spinel record temperatures in the range 800-830~
There is no well calibrated barometer appropriate for the SMG. The empiri- cally formulated anorthite-Ca-Tschermakquartz barometer (Wood, 1977; Ellis, 1980) gives 'maximum' pressure of 9.5 kbar at the recorded Tmax of 940 ~ Comparison of ~C~]T,--Xea~I with those in other granulite terranes (cf. Martignole, 1979) indicates pressures in the range 8-8.5 kbar. Early stabilisation of olivine-plagioclase-cpxopx assemblage in the SMG and late appearance of spinel set an upper pressure limit of 8.5 kbar according to the data of Herzberg (1978) in the system CaO-MgO-Al203-SiO2. The presence of iron in the system will further lower this pressure maxima. Similar estimates are obtained from the experimental data of Kushiro and Yoder (1966) and Emslie (1970) on reaction (1).
The compositions of coexisting pyroxenes devoid of exsolution lamellae in MG give a maximum temperature of 850~ (after Kretz, 1982) , while the host-lamellae compositions in the same rock record Tma• of 780 ~ Simultaneous solution of garnet-orthopyroxene thermometer (Lee and Ganguly, 1988) and GOPS barometer (Perkins and Chippera, 1985) , as well as GCPS barometer (Moecher et al., 1988) and garnetclinopyroxene thermometer (Ellis and Green, 1979) in the GMG give concordant results of 7.5 kbar, 760 ~ These P-T values can be taken to represent the condition of formation of coronal garnet in the GMG. In summary, the studied rocks record Tmax. of metamorphism c. 950~
which is strikingly similar to the recorded temperature maxima in adjacent areas of the Eastern Ghats (Sengupta etal., 1990; Dasgupta etal., 1991) , Pressure during the Tmax. cannot be calculated. However, it did not exceed 8.5 kbar as argued earlier. This is also consistent with the recorded Pmax. in the Eastern Ghats (Sengupta et al., 1990) . A T~ax.-Pma• of 950~ and 8.5 kbar of metamorphism would imply that the complex subsequently suffered a nearly isobaric cooling to 750~ 7.5 kbar when coronal garnet appeared in the GMG. The formation of spinel-opx-cpx intergrowth via reaction (1) is usually attributed to cooling from igneous temepratures (Griffin and O'Reilley, 1987) . Such textures have earlier been reported from lower crustal rocks (McBirney and Aoki, 1973; Francis, 1976) . in the present situation, however, reaction (1) could additionally occur in response to cooling from peak metamorphic temperatures.
Discussion
The extremely high MgO and A1203 contents and insignificant K20 content of the SMG are indicative of its cumulate origin (cf. Griffin and O'Reilley, 1987) . Identical P-T history of SMG and the associated rocks corroborates with the contention that SMG does not represent xenoliths carried up from greater depths by the magma. The primary mineral assemblage of olivineplagioclase-opx-cpx in the SMG constrain the emplacement of the magma occurred to a depth c. 32 kin, corresponding to a pressure of 8.5 kbar. Cooling fo the magmatic complex at depth may have provided the heat source for thermal perturbation causing granulite facies metamorphism of the enclosing rocks (cf. Frost and Frost, 1987) . Formation of spinel in SMG took place during cooling either from igneous temperatures or from peak metamorphic temperatures. Exsolution in pyroxenes and formation of garnet are the consequences of isobaric cooling of the complex subsequent to peak metamorphic conditions. Non-appearance of garnet in the SMG and MG is due to their relatively magnesian bulk composition at the ambient P-T conditions of metamorphism (cf. Green and Ringwood, 1967) .
